ABSTRACT: An experimental investigation of coir mesh reinforced mortar (CMRM) is conducted using nonwoven coir mesh matting. The main parameters in this study are the fiber volume fraction (number of mesh layers) and fiber surface treatment with a wetting agent. The composites are subjected to the four-point bending test. The short-term mechanical properties of CMRM are discussed. Scanning electron micrograph analysis is used to observe the fiber-matrix interfacial characteristics. The results indicate that the addition of coir mesh to mortar significantly improves the composite post-cracking flexural stress, toughness, ductility, and toughness index, compared to plain mortar materials. The Albatex ß FFC wetting agent (2-ethylhexanol) can effectively improve water absorption of coir fiber and enhance the fiber-matrix bonding strength. These coir mesh reinforced composites may be useful in civil engineering applications.
INTRODUCTION C
OCONUT (COCOS NUCIFERA) is a multipurpose palm made of an outer fiber called husk (35%) and a hard protective shell (12%), and the husk is comprised of about 70% cork-like pith material and 30% coir fiber [1] . Fiber is extracted from the husk on a commercial scale by a mechanical decortication process. The extracted fibers are usually made into coir mesh matting (brown fiber) via a non-woven process. Coir fiber is abundant in many Asian countries, such as India, Philippines, Indonesia, Sri Lanka, Malaysia, and Thailand. The global production of coir reached about 320,000 tonnes in 2001 [2] . While coir fiber is cheap, it is also strong and durable, making it a strong candidate for use in the cementitious matrix for high performance structural elements [3] [4] [5] [6] . A recent effort to diversify and encourage the further use of coir fiber has come from a research project implemented within the framework of the FAO Intergovernmental Group on Hard Fibers (IGG/Hard Fibers) and the Common Fund for Commodities (CFC) [7] . This project is aimed to develop new technologies to produce building and construction materials from non-retted coir husks.
The use of fabric meshes as reinforcement within thin cementitious sheets commenced in the early 1980s. This is similar to ferrocement and comes from the sandwich technology that has widely been applied in the composite industries [8] . Small-scale prototyping has proved that substitution of glass fibers by natural fibers is feasible. Parton and Shendy-El-Barbary [9] developed this technology in their study on the stiffness of polystyrene fiber mesh reinforced concrete. A woven bamboo strips mesh was also used within the mortar [10] . Strictly speaking, this was not really a fiber mesh yet due to the large strip dimension. Another study on the polypropylene mesh reinforced fiber mortar was carried out with up to six layers of the polypropylene woven mesh within the cement matrix [11] . Recently, a study was conducted on the AR-glass and PVA fiber woven mesh, polypropylene fiber knitted mesh reinforced mortar composites with glass aggregate [12] . However, due to poor fiber-matrix interfacial properties, no significant result was reported. Little has been reported on the properties of natural fiber mesh reinforced cement-base composites.
Unlike polymer composites, water plays a critical role in cementitious composites during hydration. Coir fiber has a relatively low moisture content compared with other cellulose fibers, such as hemp. By increasing the water absorption of coir fibers with a wetting agent, the fiber-matrix bonding in cementitious composites is expected to improve. This will strengthen the applications of coir mesh reinforced mortar (CMRM) in areas, such as:
. Building cement board -ceiling board and inner partition board. CMRM materials are much lighter than the conventional mortar board; . Geotextiles -woven coir mesh can be used to construct low height embankments in soils [13] ; . Road reinforcement -especially in some low-grade country road, sidewalk, or promenade which requires quick construction.
In this study, coir mesh was treated with a wetting agent and the performance of CMRM was evaluated against conventional mortar. Two types of coir mesh (untreated and wetting agent treated) were investigated. The flexural elastic stress, bending strength, elastic limit toughness (1D), 15.5D toughness, toughness indices (I30), and flexural ductility properties of CMRM composites were examined.
EXPERIMENTAL DESIGN

Raw Materials
Coir mesh matting was supplied by Fibretex Pty Limited, Australia. The matting was nonwoven and no adhesive agent was used to form the mat. A 5 mm thick coir mesh was used. The important properties of the coir fiber are given in Table 1 . The cementitious material used was the Australian Tradesman GP Cement (manufactured by Australian Cement Limited). The sand was local washed Granetic sand. Its particle density was 2.48 Â 10 3 kg/m 3 , with a water absorption ratio of 0.40%. The Albatex ß FFC wetting agent was provided by Ciba Specialty Chemicals Pty Ltd, Australia.
FFC (mainly 2-ethylhexanol) consists of several different surfactants and is used to wet fabrics in the textile industry.
Specimen Preparation
Coir mesh was prepared prior to the mixing process. The 5 mm thick mesh was cut to fit the steel molds (100 Â 100 Â 350 mm) using a Quartet Õ trimmer. The Albatex ß FFC solution of 10% concentration by weight was uniformly sprayed over the mesh at a ratio of 500 mL solution per kilogram fiber. Then the mesh was dried in a forced draft oven at 60 C for 6 h. Mortar was mixed in a laboratory mixer at a constant speed of 30 rpm, with a cement:sand:water ratio of 1 : 3 : 0.43 by weight. After mixing for 5 min, the mortar was carefully poured into molds. The CMRM composite test specimens ( Figure 1 ) were cast with a 10 mm mortar base followed by 1-3 layers of alternate coir mesh and 20 mm mortar. All test specimens were vibrated on a vibration table (100 Hz, driven by LG IC5 series) for 3-5 min until dense air bubbles stopped coming to the surface.
After casting, the composites were allowed to settle and harden inside the covered molds at a room temperature of 24 C for 24 h. After hardening the samples were removed from the mold and cut into 50 Â 50 Â 175 mm specimens. The specimens were batched and cured in a water tank at a constant temperature of 24 C for 6 days. After curing, the specimens were conditioned at room temperature until testing.
Testing Methods
Four-point bending tests on prepared specimens at a span of 150 mm were carried out using a LLOYD tensile machine by displacement control, at a constant loading rate of 1 mm/min. The test was stopped when either the flexural stress became 510% of the flexural strength (maximum flexural stress) or the vertical displacement of the loading head reached 10 mm, depending on which occurred first. The bending load and net deflection over time were recorded. The flexural stress and strain were calculated by Equations (1) and (2), respectively,
where is the maximum flexural stress (MPa) in the specimen at a given load P (N), L is the outer support span (mm), d is the specimen thickness (mm), D is the deflection at beam center (mm), b is the specimen width (mm), and " is the maximum strain in the specimen at a given load (mm/mm). The flexural toughness (1D and 15.5D) and flexural toughness indices (I30) of the CMRM specimens were determined by calculating the integral of the area under the specimen's load-deflection curve according to ASTM 1018. Since the surface of the specimen cannot be perfectly flat, there was excessive initial displacement before load was actually applied on the specimen. This displacement, defined as an interval from the beginning of the test until a linear load increase was observed, was not used in the mechanical property calculations.
Generally the term 'ductility' is used in metal applications. It is defined as the ability of a material to deform easily upon the application of a tensile/bending force, or as the ability of a material to withstand plastic deformation without rupture [14] . Ductility may also be thought of in terms of bendability and crushability. Ductile materials show large deformation before fracture. The lack of ductility is often termed brittleness. Usually, if two materials have the same strength and hardness, the one that has the higher ductility is more desirable. Owing to the lack of literature on this property in concrete, this study defined ductility as the vertical displacement at beam center when the flexural stress decreased to below 10% of the flexural strength. Where the ultimate flexural stress was still higher than 10% of the flexural strength, the ductility of the sample would be recorded as 10 mm which is the maximum deflection when the test stopped.
A scanning electron microscope (LEO 1530) was used to observe the microstructure of CMRM composites before and after fracture. This was to reveal the interfacial morphology formed during hydration of the cement paste and the fracture status of the composites.
RESULTS AND DISCUSSION
General Behavior
It was observed that the position of the fiber mesh layers in the specimens varied slightly during casting. Such variations did not lead to large differences in the experimental results. In contrast, a slight change in the specimens' dimensions had a significant influence on the flexural stress. Therefore, the flexural stress and toughness were calculated.
The experimental results are shown in Table 2 . The stress-strain curves for 0.6, 1.2, and 1.8% of CMRM are shown in Figures 2-4 . These stress-strain curves represent one of the four tests from each group. The failure of the specimens with or without only one layer of coir mesh (0.60% volume fraction) reinforcement, occurred suddenly at the critical stress (Figures 2-4) . These specimens broke into two separate pieces in a brittle manner. This means that a single mesh layer cannot change the brittle nature of the mortar. However, specimens with two and three layers of reinforcement, which were approximately equal to 1.20 and 1.80% fraction by volume, remained intact as one piece and continued to sustain a significant load even after the maximum stress was reached. Coir fiber surface treatment by the wetting agent also reduced the brittleness of the CMRM material (Figures 3 and 4) . The results discussed in this article are limited to the performance of the specimens in 7 days.
Flexural Strength
The first-crack strength, also called the elastic flexural strength, represents the load bearing performance of materials before the appearance of the first macrocrack on the material surface.The first-crack strength for CMRM increased slightly as the fiber volume fraction increased ( for untreated and wetting agent treated specimens, respectively. These results suggest that the first-crack strength of CMRM is quite acceptable compared to conventional mortar (Figure 2 ). Although the use of coir mesh has apparently no significant influence on the elastic flexural strength of the composites, an increase in the volume fraction of coir fiber has improved the flexural strength considerably. It increases by up to 20 and 46% for untreated and treated specimens, respectively when compared to the corresponding reference (plain mortar) specimens ( Figure 5 ).
Toughness and Toughness Index
Flexural toughness (1D) is defined here as the area under the load-deflection curve up to a deflection where the first crack appears on the specimen. Toughness (15.5D) is the area up to 15.5 times the deflection of the first crack. Toughness index (I30) is calculated by dividing toughness (15.5D) by the flexural toughness (1D). The calculated values are shown in Table 2 .
The coir mesh increases the flexural toughness and toughness index of CMRM significantly (Figures 6 and 7) . Comparing the flexural toughness (15.5D) results of the three-layer CMRM with that of the reference mortar, the increase for untreated and treated coir mesh reinforced specimens is 18 and 26 times, respectively.
The improvement in toughness index is mainly because of deflection hardening during post-crack of specimens as shown in Figures 3 and 4 . The deflection hardening behavior improved as the volume fraction of coir fiber increased from 0.60 to 1.80%; in addition, higher coir fiber content brought less instant stress loss after cracks appeared in composites.
From Figures 6 and 7 , there is a great difference in the toughness index of specimens reinforced with 0.60 and 1.20% coir fiber. It is possible that multiple-layer mesh 
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arrangements can sustain higher tensile strength during the post-crack stage and are more effective in stress transfer from matrix to fiber. In this research, due to the limitation of specimens' dimensions, a maximum of three mesh layers were investigated. The performance of composite material reinforced with more mesh layers should be studied further. Normally the interface between coir fiber and cement matrix is poor. Poor bonding is mainly due to the wax and fatty substance on the surface of coir fiber [15] . The wax repels the cement paste (solution) and prevents it from penetrating the coir fibers. The addition of the wetting agent reduces the interfacial surface tension between the water and the coir fiber surface; it also emulsifies some wax on the fiber surface. Owing to the removal of wax and fatty substance on the coir fiber surface, more capillarities occur within the coir fiber allowing the cement paste to penetrate into the coir fiber more easily. Details on the functions of wetting agents have been well documented in the literature [16] and are not discussed further here. One possible disadvantage of using the wetting agent is that it may cause too much swelling when coir fiber is mixed with mortar, followed by fiber shrinkage, long after setting. This may lead to a reduction in the interfacial bonding. However, based on the experimental results, this has not manifested in the short-term mechanical properties of the composites examined in this study.
Ductility
Coir mesh improved the flexural ductility of the CMRM composites ( Figure 7 ). The number of layers (fiber volume fraction) is also a key factor affecting the flexural ductility. In general, the ductility of two-and three-layered CMRM specimens shows quite a large improvement (about 20 times) over the reference mortar. The ductility improvement of the three-layered CMRM would have been increased further had the test not been stopped at the 10 mm limit. In addition, the average performance of the wet fiber treated group was about 20% greater than that of the untreated group (only 2 and 3 layer specimens were counted).
In both untreated and treated mesh reinforced composites, apparent multiple cracks occurred only in three-layered CMRM specimens as shown in Figure 8 . It has been difficult to compare the current results with previous research findings, due to lack of or incompatible experimental details in previous works, some of which specified only fiber layers or construction [10, 11] , or used a different mechanical test (compression and tension) [9] . Nevertheless, Table 3 compares the current results and that from a similar work, which did not use coir fibers [12] .
SEM Microstructure Analysis
The fractured surfaces were closely observed under the scanning electron microscope (SEM). A small amount of fiber segregation was noted. The fibers were partly in a state of debond (pull-out) and partly in tensile failure (broken). It can be seen from Figures 9 and 10 that the fiber surfaces have already formed a hydration bond with the cement paste. However, the surface of untreated coir fiber had only a thin cement paste layer, and the surface of treated fiber had a much thicker cementitious layer, even with crystals on it (Figure 10 ). This may explain why fiber-matrix bonding strength is weaker in the untreated group than in the treated group and also the difference in fiber mesh performance in the two groups.
Owing to the difference in fiber surface condition and bonding strength, many coir fibers in the first group were pulled out instead of breaking during fracture, resulting in many small cavities in the matrix surface as shown in Figure 11 . In Figure 12 , it is evident that some fibers were broken rather than pulled out. Microcracks can also be seen in the fracture surface. This confirms that the fiber-matrix bonding can be improved greatly when the coir fibers are treated with the wetting agent.
CONCLUSIONS
In this study, coir fiber mesh has been used as reinforcement materials in mortar. The effects of adding different volume fractions of coir fiber into the cement matrix on the composite performance were investigated quantitatively. This study has confirmed that coir mesh reinforced mortar (CMRM) composites have a higher energy absorbing ability and ductility than the conventional mortar. Cementitious composites reinforced by three layers of coir mesh (with a low fiber content WT ¼ 1.8%) result in a 40% improvement in the maximum flexural stress, are 25 times stronger in flexural toughness, toughness index, and about 20 times higher in flexural ductility. The coir mesh reinforced mortar composites can also achieve deflection hardening and multiple-cracking.
Multi-layer mesh composites have better flexural characteristics than single-layer composites. They can provide good load sustention after the onset of cracking. However, the long-term performance of CMRM warrants further investigation.
Fiber surface treatment with a wetting agent significantly improves the fiber-matrix bonding, leading to %20% improvement in overall flexural characteristics of the CMRM. There are some small gaps in the fiber-matrix interface for the untreated coir mesh composites. As a result their performance is inferior to that of the treated ones.
